We present a split-step complex Padé-Fourier migration method based on the one-way wave equation. The downward-continuation operator is split into two downward-continuation operators: one operator is a phase-shift operator and the other operator is a finite-difference operator. A complex treatment of the propagation operator is applied to mitigate inaccuracies and instabilities due to evanescent waves. It produces high-quality images of complex structures with fewer numerical artefacts than those obtained using a real approximation of a square-root operator in the one-way wave equation. Tests on zero-offset data from the SEG/EAGE salt data show that the method improves the image quality at the cost of an additional 10 per cent computational time compared to the conventional Fourier finite-difference method.
I N T RO D U C T I O N
Wave equation migration is a rapidly growing tool for complex structure imaging (Claerbout 1985; Stoffa et al. 1990 ; Lee et al. 1991; Ristow & Ruhl 1994; Wu & Jin 1997; Bonomi & Cazzola 1999) . Wave equation migration methods can produce accurate images provided that the background velocity field is well defined. Most widely used wave equation methods are based on solving the one-way acoustic wave equation. There are many different methods to numerically solve the one-way equation. They can be classified into three main approaches: Fourier methods (Gazdag & Sguazzero 1984; Stoffa et al. 1990 ) solved in the wavenumber domain and space domain; finite-difference methods (FD) (Claerbout 1985; Hale 1991) and mixed methods that are a linear combination of spectral and FD methods (Ristow & Rulh 1994; Biondi 2002) .
The Fourier methods, such as Split-Step Fourier method (SSF) (Stoffa et al. 1990 ) and Phase Shift Plus Interpolation (PSPI) (Gazdag & Sguazzero 1984; Bagani et al. 1995) can handle both wide-angle propagation and lateral velocity variations, but the imaging becomes less accurate when the lateral velocity variations are strong. The FD methods can easily handle strong lateral velocity variations. When implicit extrapolators are used in FD methods, the one-way wave equation is solved in the frequency-space domain, and the square root of the wave operator is approximated using continued fractions expansions (Claerbout 1985) . The essential shortcoming * Now at: Total E&P USA Inc., 800 Gessner, Suite 700, Houston, TX 77024, USA.
of this method is that it is not efficient for wide-angle propagation. High-order approximations to the square root operators are required for imaging of steep dips. When explicit extrapolators are used (Holberg 1988; Hale 1991) , the exponential operator is approximated by finite length spatial filters. The disadvantage of explicit methods is that their stability is not guaranteed if the filter is not designed carefully.
In 1994, Ristow and Ruhl proposed a Fourier finite-difference method (FFD) which combined a phase-shift method in the frequency-wavenumber domain and an FD method in the frequencyspace domain. The FFD method combines the advantages of the FD methods and the phase shift methods and is more accurate than SSF, PSPI and FD methods. Huang & Fehler (2002) proposed a SSF Padé migration method that allows for the use of a larger grid spacing than conventional FD migration methods. Huang and Fehler's method is equivalent to applying the Crank-Nicholson scheme to the FD part in the FFD method of Ristow and Ruhl.
In both FD and FFD migration methods, the real Padé approximation or a Taylor expansion is usually used to approximate the square-root operator. For example, the real [n/n] Padé approximation to the square-root operator √ 1 + X is given by:
∂ x 2 , and a j and b j are the real-valued coefficients. If X < −1 (evanescent waves), the right-hand side of the above equation is real and the left-hand side is complex. The real approximation of the square-root operators is inconsistent and will cause accuracy and stability problems. It cannot handle evanescent waves properly (Milinazzo et al. 1997; Yevick & Thomson 2000) . In FFD method, usually the minimum velocity is used as the reference velocity. In this case, most evanescent wave energy still exists in the wavefield. If the real complex Padé approximation is used, we will have inaccuracy and instability problem. To deal with this problem, a complex Padé approximant technique (Milinazzo et al. 1997) can be employed. Before the Padé approximations, one can rewrite √ 1 + X as:
where X = (X + 1)e −iθ − 1, and then apply the Padé approximation to the operator √ 1 + X . This procedure maps the poles of the Padé approximant along the real axis for X < 1 into the positive imaginary half-space. This method improved the stability significantly (Milinazzo et al. 1997; Lingevitch & Collins 1998; Yevick & Thomson 2000) . Zhang et al. (2003) have applied this technique to the FD migration method. However, the FD method is not efficient for wide-angle propagation because using a [1/1] Padé approximant restricts the maximum migration angle to about 45
• . In this paper, we apply complex Padé approximant technique to FFD method to mitigate the inaccuracies and instabilities caused by evanescent waves. In the first part of the paper, we derive a split-step complex Padé-Fourier solution for the one-way wave equation using a Padé approximant. Then we present zero-offset migration results for the SEG/EAGE salt model. A numerical comparison of FFD, split-step complex Padé migration and our method highlights the advantages of the proposed method.
M E T H O D
The 2-D, one-way acoustic wave equation can be expressed in frequency domain as:
where P = P(z, x, ω) is the wavefield, i = √ −1, and ω is the circular frequency.
and V = V (z, x) is the velocity. The solution for eq. (1) is extrapolating in depth:
where δ = ω V z and z is the spacing in the z-direction. (Ristow & Ruhl 1994; Huang & Fehler 2002) :
where m = 
The first two exponential terms are implemented using SSF algorithm (Stoffa et al. 1990 ) and the third term is implemented by FD method. When θ = 0, eq. (5) is identical to FFD method with the Crank-Nicholson scheme applied to solve the third term of eq. (5) (Huang & Felher 2002) . Therefore, the maximum migration angle of eq. (5) 
where δ
One can also apply [2/2] Padé approximation to the exponential function E = e iδ 0 A to obtain:
Using eq. (7), eq. (5) becomes:
Using the multistep method (Hadley 1992) to solve the equation:
we get the following two-step algorithm: 
N U M E R I C A L R E S U LT S
We test our method with post-stack data for the SEG/EAGE salt model. The velocity model is shown in Fig. 1 . The data set consists of 1290 traces, each trace contains 626 time samples and a sampling interval of 8 ms (Fig. 2) . The velocity model grid is 1290 × 300 with x = z = 12.192 m. No additional filters were applied to the migration results.
Figs 3(a) and (b) show the images using eq. (5) with θ = 0 (FFD) and θ = 5
• , respectively. Fig. 3(b) gives an image with fewer evanescent-energy artefacts than those produced by the FFD migration (Fig. 3a) while the accuracy of both migrations is similar to each other. The computational time of the Split-step complex Padé-Fourier migration increases 10 per cent compared to the FFD method and the memory usage is the same for both methods. Fig  3(c) shows the image using complex Padé migration method for the exploding reflector data set. Comparing Figs 3(b) and (c) we see that our method gives better images of the top and base interfaces of the salt body (Location A and B in those figures). Moreover, the image in Fig. 3(c) has fewer numerical artefacts than Fig. 3(a) .
Figs 4(a)-(c) show the images with θ = 10 • , 20
• and 30
• , respectively. These images show that the artefacts decrease as θ increases, but the events become weaker, for example at the location pointed to by the arrow. Thus it appears that there is a trade-off in image quality and θ . Experiments show that θ should be less than 15
• . Figs 5 and 6 show the images using eq. (10) Fig. 3 . However it took double CUP times of that using eq. (8). With a coarse spacing, we can also obtain a good image (Fig. 6 ) but it is not as good as Fig. 5 . This is because the true velocity model cannot be represented well by the coarse spacing of 24.384 m. Therefore, we lacked necessary resolution in migration.
C O N C L U S I O N S
We have developed a split-step complex Padé-Fourier technique for seismic migration. Our method makes use of the advantages of both FD methods and spectral methods. Because the complex treatment of the propagation operator is used, it treats the evanescent waves with more accuracy, which improves the stability of the numerical approximation. Synthetic data migration results show that the proposed method can produce higher quality images.
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